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Purpose. The purpose of our study was to develop an injectable polymeric system for the long-term localized 
delivery of bioactive interleukln2 for antitumor immunotherapy. 

Methods. IL-2 was encapsulated into gelatin and chondroitin-6sulfate using an aqueous-based complex 
coacervation, CTLL-2 cells were used to measure the bioactivity of released IL-2 and radiolabeled IL-2 was used 
for release studies in the rat brain and mouse liver. Antitumor efficacy studies were carried out in primary (9L 
gliosarcoma) and metastatic (B16-F10 melanoma) brain tumor models in rats and mice, respectively, as well as a 
murine liver tumor model (CT26 carcinoma). Survivors of the metastatic brain tumor challenge were rechallenged 
with tumor in the opposite lobe of the brain to confirm that antitumor immunologic memory had developed. 
Results. Bioactive IL-2 was released for over 2 weeks in vitro and in vivo IL-2 release showed significant IL-2 levels 
for up to 21 days. Polymeric IL-2 microspheres injected intratumorally were statistically more effective in protecting 
animals challenged with fatal tumor doses in the brain and the liver than placebo or autologous tumor cells 
genetically engineered to secrete IL-2. Immunologic memory was induced following IL-2 microsphere therapy in 
the B16-F10 brain tumor model that was capable of protecting 42% of animals from a subsequent intracranial 
tumor challenge, suggesting that tumor destruction was mediated by the immune system. 
Conclusions. Local IL-2 therapy using novel polymeric carriers, aimed at stimulating long-lasting antitumor 
immunity, may provide an improved method of treating a variety of cancers. 

KEY WORDS: polymer microspheres; interleukin-2; controlled release; immunotherapy; brain cancer; liver cancer. 
[Headnote] 

ABBREVIATIONS: CNS, central nervous system; IC, intracranial; B16/IL-2, replication-incompetent B16-F10 tumor 
cells geneticallyengineered to secrete IL-2; CT26/IL-2. replication-incompetent CT26 tumor cells 
genetically-engineered to secrete IL-2. 

INTRODUCTION 

Advances in molecular biology have spurred renewed interest in using the body's own defenses to fight 
cancer, as several potent stimulators of the immune system (cytokines) have been cloned and are now 
available for use. Interleukin-2 (IL-2) was one of the first cytokines to be cloned and has a number of 
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activities associated with it, including the enhancement of T cell growth, T cell activation, monocyte 
activation and natural killer cell activation (1). IL-2 is currently indicated for systemic administration to 
treat adult patients with melanoma and metastatic renal cell carcinoma. A major limitation of this 
treatment, however, is the severe toxicity caused by high doses of systemic IL-2 (2). 

The major conceptual problem with systemic cytokine administration is that lymphokines are known to 
exert their immunologic effects locally, in a paracrine fashion (2). That is, under normal physiologic 
conditions, appropriate lymphokines are produced in high concentrations local to the site of antigen 
where they serve as the necessary costimulatory signal for induction of an appropriate immune response. 
This paracrine function cannot be achieved when cytokines are administered systemically. Toxicity from 
systemic administration of IL-2 can also be severe and would be particularly limiting in the treatment of 
brain tumors, as the availability of macromolecules to the brain is limited by the blood-brain barrier (3). 

Most recent efforts to deliver molecules, such as IL-2, locally to tumors in both the brain (4,5) and the 
periphery (for review see (6)) have focused on the use of autologous tumor cells genetically engineered 
to secrete cytokines, often with promising results. Local cytokine delivery by genetically engineered cells 
is not only physioiogicaiiy more relevant, but also allows high concentrations of the stimulatory molecule 
at the tumor site while greatly reducing systemic exposure. However, while conceptually elegant, this 
approach is difficult to implement in the clinic due to the labor intensity and high cost involved with the 
genetic transduction of each patient's tumor cells and due to the extensive characterization of the 
transductants required before they may be used. (7). In addition, there may be inherent variability with 
cytokineproducing cells that are rapidly destroyed by the immune system following administration. 

In this article, we discuss the development of an injectable polymeric system capable of delivering active 
recombinant IL-2 in a controlled fashion following intratumoral injection for up to 21 days in 
vivo. Moreover, we show that local IL-2 delivery from microspheres, made by the complex coacervation 
of gelatin and chondroitin sulfate, can effectively protect rats and mice from lethal tumor challenges in 
three different tumors models (two model brain tumors and one model liver tumor). Gelatin (denatured 
collagen) and chondroitin sulfate (CS) were used to encapsulate IL-2 for three reasons. First, collagen 
and chondroitin sulfate are primary components of extracellular matrix (ECM) and, thus, systems made 
using gelatin and CS should be biocompatible. Second, gelatin and CS can be made to coacervate and 
entrap proteins under mild, all-aqueous conditions that should improve activity retention of sensitive 
proteins, such as IL-2. Finally, tumors typically secrete degradative enzymes, including coUagenase, to 
degrade ECM in order to grow and metastisize (8). In doing so, actively growing tumors may cause an 
increased rate of polymer degradation, thereby exposing themselves to higher IL-2 concentrations. 

Polymeric microspheres may provide a more controlled product with respect to cytokine release profiles 
and total cytokine dose than can be achieved with genetically engineered cells or by in vivo gene therapy, 
thereby providing an improved method of administering therapeutic gene products (i.e. proteins). 
Furthermore, the use of polymeric microspheres to deliver IL-2 may simplify therapy by eliminating the 
need for transfection of each patient's cells with cytokine genes. The development of such a system 
would allow clinicians to administer cytokine inmiunotherapy at the time of surgical debulking of an 
existing tumor, obviating the need to reoperate many days to weeks later to administer genetically 
engineered autologous cells. Because gelatin (denatured collagen) and chondroitin sulfate both occur 
naturally in the body, the polymeric delivery systeni described in this study may be suitable for the 
immunotherapy of many solid tumors. 

MATERIALS AND METHODS 

Synthesis of Polymeric IL-2 Delivery Vehicle 
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IL-2 was encapsulated into polymeric matrices (IL-2 microspheres) by the complex coacervation of 
gelatin and chondroitin6-sulfate in the presence of IL-2. Edible porcine gelatin (100 Bloom) was 
supplied by General Foods (Atlantic Gelatin, Woburn, MA). Chondroitin-6-sulfate and glutaraldehyde 
were purchased from Sigma Chemical Co. (St. Louis, MO). Briefly, 3 ml of a 4% gelatin solution in 
distilled water at 37[degrees]C was mixed with 1 mg of lyophilized IL-2 dissolved in 3 ml of 0.2% 
chondroitin sulfate in phosphate buffer solution at room temperature. Coacervation was achieved by the 
addition of the gelatin solution to a rapidly mixed IL-2/ chondroitin sulfate solution. Nascent 
microspheres were cross-linked with 0.125% aqueous glutaraldehyde solution for 20 min and then 
poured into 10 ml of a 0. IM aqueous glycine solution to stop the cross-linking reaction and quench the 
excess aldehyde groups. Crosslinked microspheres were collected by centrifugation and washed with 
phosphate-buffered saline. Placebo microspheres were prepared identically, but in the absence of IL-2. 

The mass-average diameter of the microspheres was determined using a Coulter Multisizer II (Coulter 
Electronics, Luton, Beds, England). Greater than 200,000 microspheres were sized per measurement (n 
4 3 batches). 

Preparation and Encapsulation of 1251-Labeled IL-2 

Nal25I in 0. IN NaOH was obtained from NEN Life Science Products (Boston, MA). Recombinant IL-2 
(Aldesleukin, 22 million lU per 1.3 mg protein) was kindly suppUed by Chiron Corporation (Emeryville, 
CA). 1251 was covalently attached to IL-2 by reaction in a pre-coated iodination tube (lodogent, Pierce, 
Rockford, IL) for 10 min. Unreacted 1251 was separated from 1251-labeled IL-2 ([125I]IL-2) by colunm 
chromatography (Econo-Pak lODG column, BioRad, Hercules, CA). Radiolabeled [125I]IL-2 was 
subsequently encapsulated into gelatin/chondroitin sulfate microspheres following the standard 
encapsulation procedure described above and used to determine the IL-2 encapsulation efficiency and 
the in vivo release kinetics of IL-2 following intracranial or intrahepatic injection in rats and BALB/c 
mice, respectively. 

Tumor Cells 

9L gliosarcoma cells and CT26 colon carcinoma cells were obtained from ATCC and B16-F10 
melanoma cells were obtained from the National Cancer Institute Division of Cancer Treatment and 
Diagnosis Tumor Repository (Frederick, MD). Tumor cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) containing 10%o FCS and penicillin/ streptomycin in humidified incubators at 
37[degrees]C and gassed with 5% carbon dioxide. The B16-F10 and CT26 cell lines were transduced 
with the murine IL-2 gene by using the replicationdefective MFG retroviral vector, as previously 
described (9). The amount of IL-2 produced by transformed tumor cells was quantified routinely using a 
standard ELISA kit (Endogen, Cambridge, MA). Cultured tumor monolayers were harvested with 
0.025% trypsin, counted, and resuspended in DMEM prior to inoculation. Transduced tumor cells were 
exposed to 5000 rads (1 rad 4 0.01 Gy) from a 137Cs source (Gammacell model 62 irradiator, Nordin 
International, Inc., Kanata, Ontario, Canada) discharging approximately 1300 rads/min to render them 
replication-incompetent immediately prior to injection. 

Animals 

The use of animals in this study was carried out in accordance with the "Principles of Laboratory Animal 
Care" (NIH publication #85-23, revised 1985). Fisher 344 rats weighing 200-250 g, 6-8 week old 
BALB/c mice, and 6-8 week old C57/B6 mice were obtained from Harlan (Indianapolis, IN) and housed 
in an approved animal facility. Animals were allowed free access to Purina Rodent Chow and water. 
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Intracranial and Intrahepatic Injections 

Rats and mice were anesthetized prior to all surgical procedures. Rats were anesthetized by an 
intraperitoneal injection of 1 ml of a stock solution containing ketamine hydrochloride (25 mg/ml), 
xylazine (2.5 mg/ml), and 14.25% ethyl alcohol. Mice were anesthetized by an intraperitoneal injection 
of 0.1 ml of this stock solution diluted 1:3 in 0.9% aqueous NaCl solution. 

For intracranial injection of tumor cells or polymer microspheres, the head of mice or rats was shaved 
and prepared with 70% ethanol and iodine-containing solution. A midline incision was made using a 
scalpel and a 1 mm burr hole was made at the site for injection. All intracranial injections were made in 
the left parietal lobe of the brain using a stereotactic frame (the coordinates in mice were 2 mm posterior 
to the coronal suture and 2 mm lateral to the sagittal suture; coordinates in rats were 5 mm posterior and 
3mm lateral to the bregma). Tumor cells or polymer microspheres were delivered over a period of 3 min 
by a 26-gauge needle inserted to a depth of 3 mm in both mice and rats. The needle was removed 
following injection and the site was irrigated with 0.9% NaCl solution and closed with 4.0 Vicryl 
sutures. 

For intrahepatic injection of tumor cells or microspheres in BALB/c mice, the abdominal region was 
shaved and prepared with 70% ethanol and iodine-containing solution. A transverse incision was used to 
open the peritoneal cavity and the left lobe of the liver was exposed. Using an operative microscope, 10 
ml of HBSS containing 5 x 104wild type CT26 cells (CT26 WT) were injected beneath the liver capsule 
using a 30-gauge needle. Compression of the liver capsule at the injection site was maintained for one 
minute to prevent extravisation. 4.0 Vicryl suture was used to close the abdominal incision. Using this 
method and cell dose, a solitary intraparenchymal tumor can be readily identified by the naked eye by day 
2 following tumor injection, and 90% of untreated tumor-bearing animals die by day 28 due to massive 
hepatic tumor growth (all animals die by day 55). Animals treated by concomitant injection of 
CT26/IL-2 or IL-2 microspheres received a total injection volume of 13 ml. 

In Vivo IL-2 Release from Polymer Microspheres 

Polymer microspheres containing [125I]IL-2 were injected intracranially into Fisher 344 rats and into the 
left lobe of the liver of BALB/c mice to determine the in vivo release kinetics of [125I]IL-2 from the 
polymeric carrier. Control animals received a bolus injection of free [125I]IL-2. 

Groups of rats were given either an intracranial injection of free [125I]IL-2 (i.e. not encapsulated into 
polymeric carrier) or an identical dose of [125I]IL-2 encapsulated within polymer microspheres in a total 
volume of 10 ml of PBS. Animals were sacrificed at predetermined time points and their brains removed 
and frozen prior to sectioning with a cryostat microtome, 20 mm sections were mounted on glass slides, 
air-dried in a sterile hood and wrapped in a single layer of plastic wrap along with an 1251 standard 
plastic strip (Amersham Pharmacia Biotech, Piscataway, NJ). The slides were subsequently exposed to a 
phosphorus imager screen (FUJIFILM Medical Systems USA, Stamford, CT) in a sealed cassette and 
the phosphorus screen processed in a phosphorus imager (MacBas 1000, FUJIFILM Medical Systems 
USA, Stamford, CT) to yield the IL-2 concentration profiles in each tissue section. 

To confirm long-term IL-2 delivery by polymer microspheres in tissues other than the brain, groups of 
B.^LB/c mice were injected intrahepaticaliy with either free [125I]IL-2 or [125IJIL-2 microspheres and 
the total reactivity in the injection lobe followed over time. While still under general anesthesia, three 
mice from each group were exsanguinated immediately following intrahepatic injection and their blood 
and organs harvested in the following order: blood (via cardiac puncture), injection lobe of liver, 
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remainder of liver, heart, lungs, spleen, kidneys, and brain. The organs and blood were weighed and the 
amount of radioactive IL-2 in each was determined using a gamma counter. The remaining animals were 
allowed to recover from anesthesia and were returned to their cages. Subsequently, animals from each 
group were sacrificed at various time points (3 animals per time point per group) and the [125I]IL-2 
activity was measured in the injection lobe of the liver, various other organs, and the blood following the 
above procedure. 

Efficacy of Local IL-2 Delivery in Intracranial and Hepatic Tumor Models 

For in vivo testing against brain tumors, animals were challenged intracranially with wild-type 9L 
gliosarcoma cells (Fischer 344 rats) or B16-F10 melanoma cells (C57/B16 mice). Animals were treated 
with a simultaneous local injection of placebo microspheres (negative control) or IL-2 microspheres. The 
total dose of bioactive IL-2 delivered within polymer microspheres was approximately 0.4 mg for mice 
and 4 mg for rats. There were two additional groups in the mouse brain tumor model study: one group 
of mice received replicationincompetent B16-F10 cells engineered to secrete IL-2 (B16AL-2) as a 
positive control and another group received an equal number of replication-incompetent B16-F10 cells 
(negative control group). Outcome was measured by survival, and all animals were autopsied at the time 
of death. 

For in vivo testing against liver tumors, the anti-tumor effect of locally delivered IL-2 (by either IL-2 
microspheres or CT26/IL-2 cells) was measured by its ability to protect animals challenged 
intrahepatically with CT26 WT from tumor growth. B ALB/C mice were challenged by intrahepatic 
injection with 5 x 104 CT26 carcinoma cells and simultaneously treated by a local injection of placebo 
microspheres (negative controls, n 4 9), 106 replication-incompetent CT26 cells engineered to secrete 
IL-2 (CT26/IL-2, positive controls, n 4 10), or IL-2 microspheres (treatment group, n 4 10). 106 
replication-incompetent CT26/IL-2 cells had been determined to yield the optimal anti-tumor effect in a 
preliminary dose escalation study (data not shown). The total dose of bioactive IL-2 delivered within 
polymer microspheres was approximately 0.4 mg. Three weeks after intrahepatic tumor challenge, 
animals were euthanized and examined for tumor presence and tumor volumes were measured. 

Intracranial Memory Immunity Studies in IL-2 Microsphere-Treated Survivors 

C57/B6 mice that survived a B16-melanoma intracranial challenge as a result of local IL-2 microsphere 

therapy were rechallenged (n 4 12), along with naive control animals (n 4 10), by stereotactic injection 
with a lethal dose of B 16 in the contralateral hemisphere of the brain 75 days after the original treatment 
with IL-2 microspheres to determine if antitumor immunologic memory had developed. Animals were 
returned to their cages following surgery and survival assessed. Autopsy was performed to determine 
cause of death. 

Histology 

C57/B6 mice challenged intracranially with B16-F10 WT and treated with placebo microspheres, IL-2 
microspheres, or B16/IL-2 cells were sacrificed at various time points following challenge for histologic 
analysis of the challenge site. Brains were harvested, fixed in 10% formalin, serial sectioned in the 
coronal plane and embedded in paraffin. Microscopic sections were cut at 6 microns and stained with 
hematoxylin and eosin. Independent pathologic review of all specimens was performed. 

RESULTS 

IL-2 Encapsulation into Polymer Microspheres 
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Injectable polymeric matrices containing entrapped IL-2 were made by the complex coacervation of 
positively-charged gelatin with negatively-charged chondroitin-6-sulfate. Polymer matrices containing 
IL-2 (IL-2 microspheres) were spherical in shape and had a mass-mean diameter of 8.25 + or - 0.25 mm 
(Fig. 1). IL-2 encapsulation efficiency, defined as the fraction of total IL-2 that is entrapped within the 
microspheres during preparation, was 8L4 + or - 0.4%. The microspheres contained 2.6% IL-2 by 
weight. 

In Vivo Controlled Release of IL-2 by Polymer Microspheres 

1251-labeled IL-2 ([125I]IL-2)was encapsulated into gelatin/ chondroitin sulfate microspheres to 
determine the ability of the polymeric carrier to provide sustained IL-2 levels locally following 
intracranial (Fig. 2) and intrahepatic (Fig. 3) injection in Fisher rats and BALB/c mice, respectively. 
Control animals received a bolus injection of free [125I]IL-2. 

IL-2 administered by bolus injection into the brain of rats was rapidly cleared from the injection site (Fig. 
2A). One h fbllowing intracranial (IC) injection, IL-2 administered as a bolus was found in high 
concentration at the injection site, and was spread throughout the ipsilateral hemisphere of the brain 
(Fig. 2A). However, very low IL-2 levels were detected at the injection site just 24 h following IC 
injection (greater than 90% of IL-2 cleared from the brain at this time), and IL-2 was undetectable at the 
injection site after 48 h. On the other hand, IL-2 levels remained high at the site of injection for greater 
than 2 weeks following stereotactic injection of EL-2 microspheres into the brain of rats (Fig. 2B). Very 
high levels of IL-2 were present after 48 h when IL-2 microspheres were administered, in contrast to 
bolus administration of IL2, and therapeutic levels of IL-2 (approximately 1.7 nM) were still present on 
day 14, as measured by autoradiography. 

To determine the suitability of IL-2 microspheres to control the release of IL-2 in a visceral organ, IL-2 
release kinetics were also measured in the liver of BALB/c mice. IL-2 levels in the injection lobe of 
animals receiving IL-2 microspheres remained high for greater than 14 days (17.5% of original dose still 
in injection lobe on day 14; Fig. 3), with detectable levels still present on day 21. On the other hand, IL-2 
administered as a bolus intrahepatic injection was rapidly removed from the injection site (less than 8% 
of original dose remained in injection lobe after 24 h). In addition, appreciable levels of IL-2 were found 
in the other lobes of the liver, blood, kidneys, spleen, and other organs within minutes of bolus 
intrahepatic IL-2 injection. In contrast, IL-2 levels in sites other than the injection lobe of the liver 
following IL-2 microsphere injection ranged from very low to undetectable (data not shown). 

IL-2 Microsphere Efficacy and Immunity Development in Brain Tumor Models 

The efficacy of local IL-2 delivery from gelatin/ chondroitin- sulfate microspheres was tested in the 
treatment of a metastatic B16-melanoma brain tumor model in mice (4) and a primary brain tumor 
model, 9L gliosarcoma, in rats. B16 and 9L tumors are highly aggressive and poorly immunogenic and, 
therefore, represent stringent models for the evaluation of new immunotherapeutic approaches to cancer. 
In the B 16 study, 80 mice received a lethal B16 challenge intracranially and were simultaneously treated 
with a local injection of one of the following: (1) replication-incompetent B 16 cells (antigen control); (2) 
placebo polymer microspheres (polymer control); (3) replication-incompetent B 16 cells engineered to 
secrete IL-2 (B16/IL-2; positive control); or (4) polymer microspheres engineered to deliver IL-2 
(experimental group). All aiiimals in the antigen control group succumbed to massive intracranial (IC) 
tumors by day 21 (median survival 4 17 days, Fig. 4A). Similarly, animals treated with placebo 
microspheres all died due to large IC tumor with a median survival time of 1 8 days. Animals receiving 
IL-2 secreting B 16 cells showed a significant prolongation in survival (median survival time of 29 days) 
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and 9 of 25 mice (36%) were tumor free after 75 days. However, 16 of 18 mice (89%) that received 
IL-2 microspheres rejected their tumors and survived greater than 75 days (median survival not 
reached). 

Histological analysis of the intracranial injection site in mice challenged with B16 showed massive tumor 
necrosis with associated lymphocyte infiltrate surrounding distinct IL-2 polymer microspheres (Fig. 5A). 
Immunohistochemistry showed that the lymphocyte infiltrate included CD4+ and CD8+ T-cells and 
natural killer cells (not shown). Acute inflammatory cells and macrophages were also present. The 
cellular infiltrate in response to IL-2 secreting B16/tt>-2 cell injection was similar to that seen with IL-2 
microspheres (Fig. 5B). On the other hand, placebo polymer microspheres appeared inert within tumor 
and in the surrounding brain by histology (Fig. 5C). 

Mice that survived a B16-melanoma intracranial challenge as a result of local IL-2 microsphere therapy 
were rechallenged (n 4 12), along with naive control animals (n 4 10), with a lethal dose of 
B16-melanoma in the contralateral hemisphere of the brain 75 days after the original treatment with IL-2 
microspheres to determine if anti-tumor immunologic memory had developed. All animals in the control 
group (n 4 10) died of massive intracranial B16 tumors by day 20. On the other hand, 5 of 12 (42%) 
animals previously cured of intracranial B 16 survived the contralateral rechallenge despite no further 
retreatment, establishing that immunologic memory developed in these animals capable of protecting 
them fi*om subsequent tumor doses. 

We also tested the efficacy of IL-2 microspheres against the 9L gliosarcoma brain tumor model in rats. 
9L is an aggressive primary brain tumor model of Fisher 344 rat origin. Twenty-four rats received a 
lethal 9L challenge intracranially and were simultaneously treated with a local injection of one of the 
following: (1) placebo polymer microspheres (n 4 8); (2) IL-2 polymer microspheres (n 4 8); or (3) IL-2 
polymer microspheres plus replication-incompetent 9L cells (n 4 8) (Fig. 4B). Group 3 was added to 
assess the potential importance of additional tumor antigen on the generation of an anti-tumor immune 
response. All animals in the placebo control group succumbed to massive intracranial tumors by day 3 1 
(median survival 4 25 days). In contrast, 3 of 8 animals in each group that received IL-2 secreting 
polymers rejected their tumors and survived greater than 100 days (p < 0.0001, unpaired t test). There 
was no statistical difference in the survival of animals receiving IL-2 polymers alone compared to IL-2 
polymers plus irradiated tumor cells (median survival times of 48 days and 54 days, respectively). 

IL-2 Microsphere Efficacy in Murine Liver Tumor Model 

To confirm the potential usefiilness of IL-2 microspheres in tumors outside the CNS, we performed 
preliminary efficacy studies in mice challenged with a model metastatic liver tumor. Mice challenged with 
CT26 carcinoma cells intrahepatically were treated with a local injection of placebo microspheres (n 4 
9), CT26 cells engineered to secrete IL-2 (n 4 10), or IL-2 microspheres (n 4 10). On day 21, the 
animals were sacrificed and tumor volume measured (Fig. 6). All animals that received empty 
microspheres, or IL-2 secreting CT26 cells, had large tumors with mean volumes (+ or - SEM) of 7025 
+ or - 2354 mm3and 73 1 + or - 245 mm3, respectively. On the other hand, 4 of 10 mice that received 
IL-2 microspheres had no visible tumor, and the other six animals had relatively small tumors (14 + or - 
3 mm3, p < 0.0058 vs. empty microspheres, p < 0.0085 vs. CT26/IL-2 cells, unpaired t test). Tumor-free 
animals appeared to have normal, healthy livers upon autopsy. 

DISCUSSION 

In this article, we discuss the development of a polymeric system capable of the prolonged and 
controlled delivery of IL-2 following peritumoral injection. Polymeric systems have the advantage of 
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protecting unreleased molecules from rapid degradation in vivo, thus prolonging their effective half-lives 
many fold (10). Controlled release polymer systems are already in clinical use to deliver low-molecular 
weight chemotherapeutic molecules to treat malignant glioma in human patients (11). Polymers are also 
currently used to deliver anticancer peptides, such as leuprolide acetate, which is delivered over a period 
of approximately 1 month to treat patients with prostate cancer (12). 

The development of delivery systems for proteins, however, has been relatively slow and more difficult. 
In fact, only recently has it been shown in clinical trials that a therapeuticallyrelevant protein (human 
growth hormone) can be effectively delivered from degradable polymer microspheres over a period of a 
few weeks (13). The difficulty with delivering proteins, such as IL-2, from biodegradable polymers is 
due in large part to the fact that the conditions typically used to encapsulate molecules into polymers, 
including elevated temperatures, high surfactant concentrations, or organic solvent and aqueous solvent 
mixtures, often result in accelerated protein degradation or aggregation (14,15). Moreover, the polymers 
used most often to encapsulate drugs, the lactide/ glycolide copolymers (PLGA), are hydrophobic and 
break down into acidic byproducts by hydrolysis in the body, which are potentially deleterious to protein 
stability (15). 

In contrast, we have used an all-aqueous, low-temperature complex coacervation procedure to 
encapsulate IL-2 that utilizes naturally occurring, hydrophilic polymers (gelatin and 
chondroitin-6-sulfate) [for a review of coacervation processes, refer to (16)]. It is necessary to use a 
gentle preparation method to encapsulate IL-2 due to its poor stability during encapsulation using 
standard procedures (17). Moreover, hydrophilic polymers were chosen to encapsulate IL-2 because it is 
a hydrophobic protein that may denature when it absorbs to hydrophobic surfaces, such as PLGA. 

In our process, an aqueous solution of negatively charged chondroitin-6-sulfate (CS) containing IL-2 is 
rapidly added to an aqueous solution of positively charged gelatin under precise conditions of 
temperature, pH, gelatin, CS, and salt concentration. Only under precise conditions will the positive 
charge of the gelatin be sufficiently masked by the negative charge of the CS to lead to the precipitation 
of a colloid solution rich in the two polymers (i.e., microsphere formation). The high encapsulation 
efficiency of IL-2 into polymer microspheres in this study (>80%) suggests that IL-2 participates in the 
electrostatic interactions during coacervation. If it did not, one would expect an IL-2 encapsulation 
efficiency of less than 20%, which is the approximate percentage of the suspension volume attributed to 
microspheres following coacervation. The recombinant IL-2 used in this study has a reported isoelectric 
point of 7.75 (18), making it positively charged at the pH used for encapsulation, and thereby suggesting 
that the IL-2 may interact primarily with negativelycharged CS polymer chains during coacervation. The 
microspheres formed (mean diameter ?8 mm) were approximately the same size as a typical cell (?10 
mm), thus facilitating an intimate mixing with tumor antigen following intratumoral injection. 

In vitro bioassay studies involving IL-2 dependent CTLL-2 cells showed that IL-2 retained 
approximately 5075% of its original bioactivity over a period of two weeks. IL-2 was delivered from the 
gelatin/CS microspheres at a similar rate for over 2 weeks in the brain (Fig. 2) and the liver (Fig. 3) of 
experimental animals, two obviously different organs. The microspheres sustained measurable levels of 
IL-2 at the injection site for at least 21 days in the liver study. Release points over two weeks were not 
investigated in the brain, but similarly high levels of IL-2 remained at the injection site in the brain and 
liver after 14 days. Moreover, the vast majority of IL-2 delivered by microspheres remains in the organ 
in which they are injected, thereby minimizing the severe systemic toxicity often associated with this 
cytokine. In contrast, IL-2 was rapidly removed from the injection site when administered as a bolus in 
both the brain and the liver (>90% cleared within 24 h). Considering the short duration of IL-2 at the 
site of the tumor following bolus administration, combined with the difficulty inherent with repeat 
administration in sites such as the brain or liver, it is not surprising that IL-2 is not currently administered 
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as a local bolus injection to treat cancer. 

The fact that encapsulated IL-2 retained its bioactivity upon release in vivo is demonstrated by its 
efficacy in treating animals challenged with one of three different syngeneic tumor models (Figs. 4 and 
6). IL-2 microspheres were statistically more effective than an optimized dose of autologous cells 
engineered to secrete IL-2 in both the CT26 liver tumor model and the B 16 melanoma brain tumor 
model in mice. Genetically-engineered autologous cells are generally considered the gold standard 
immunotherapy for cancer (2). Placebo microspheres, on the other hand, did not have a significant effect 
on survival and appeared completely inert in the brain by histological analysis. 

Perhaps the most significant advantage of immunotherapeutic approaches to cancer therapy is the 
potential to develop long-term immunity to the tumor originally treated (6). Others have shown that 
treatment of tumors in the flank (i.e., non-CNS) with cells genetically-engineered to secrete IL-2 can 
lead to immunologic memory capable of protecting the animal from a subsequent tumor challenge 
(19-22). In this article, we show that inmiunologic memory can be induced against brain tumors in mice 
by therapy with IL-2 polymer microspheres. This result confirms that tumor destruction in response to 
IL-2 inicrosphere therapy is mediated by the immune system. 

There have been a few papers that described attempts at the encapsulation of IL-2 into polymeric 
vehicles intended for tumor immunotherapy (23-25). However, the IL-2 release duration in two of these 
studies was very brief (less than a few days) (23,24). Furthermore, none of these previous studies 
showed that IL-2 microspheres were effective against syngeneic tumors or brain tumors in animal 
models, nor did any investigate the development of immunologic memory as a result of local 
polymer-delivered IL-2 therapy. 

We have recently shown (Suh, K. W., Hanes, J., Brem, H., Leong, K., PardoU, D. M., and Choti, M., 
submitted) that IL-2 microspheres are capable of curing animals with established CT26 liver tumors in 
Balb/C mice. 9 of 12 animals with established liver tumors (1-2 nmi in diameter) were cured of their 
tumors when treated with IL-2 microspheres; all control animals died by day 55 (median survival 4 32 
days) due to liver failure. We have also recently shown that local delivery of chemotherapeutic molecules 
by polymer matrices implanted intracranially is synergistic in the treatment of model brain tumors in mice 
when combined with local IL-2 delivery by genetically engineered cells (26). Future studies are aimed at 
combining this local IL-2 immunotherapy strategy with other promising strategies, such as adoptive 
transfer of activated lymphocytes (e.g, tumor-infiltrating lymphocytes, lymphokineactivated killer cells, 
dendritic cells, etc.) (27-30), and locally-delivered chemotherapy (26). 

IL-2 microspheres provide a controlled, easy to handle, reliable system for IL-2 delivery that may be 
administered at the time of surgical tumor debulking. The ability of the polymeric system to maintain 
elevated levels of IL-2 at the site of injection over long periods of time should provide for the 
enhancement of its antitumor activity while minimizing systemic toxicity, which has limited the 
effectiveness of IL-2 immunotherapy to date. Gelatin/chondroitin-sulfate IL-2 microspheres are 
relatively easy to manufacture in a reproducible manner compared to genetically-engineered cells and, 
therefore, may represent the next generation of IL-2 delivery systems for cancer immunotherapy. 
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[Head note] 

Serge Goldman, Marc Levivier, Benoit Pirotte, Jean-Marie Brucher, David Wikler, Philippe Damhaut, Sophie Dethy, 
Jacques Brotchi and Jerzy Hildebrand 

PET/Biomedical Cyclotron Unit, Service de Neurologie and Service de Neurochirurgie, ULB-Hopital Erasme; and 
Department of Neuropathology, Cliniques Universitaires Saint-Luc, Brussels, Belgium 

[Headnote] 

Gliomas are regionally heterogeneous tumors. The local relationship between histologic features and radiotracer 
uptake evaluated by PET should therefore influence analysis and interpretation of PET results on gliomas. This 
study explored this local relationship as a result of PET guidance of stereotactic biopsies. Methods: Local histology 
was confronted to the regional uptake of '^sup 18'^F-2-fluoro-2deoxy-D-glucose C^sup 18'^F-FDG) and '^sup 
1 1'^C-methionine C^sup 11'^C-MET) in 14 patients with high-grade glioma diagnosed during a procedure of 
PET-guided stereotactic biopsies. We analyzed the uptake of both tracers in regions of interest centered on the 
stereotactic coordinates of 93 biopsy samples. Results: A semiquantitative analysis revealed a significant regional 
correlation between '^sup 11'^C-MET and '^sup 18'^F-FDG uptakes. Uptake of both tracers was significantly higher 
on the site of tumor samples showing anaplastic changes than in the rest of the tumor. Presence of necrosis in 
anaplastic areas of the tumor significantly reduced the uptake of '^sup 1 1 '^C-MET. Conclusion: PET with '^sup 
1 1 '^C-MET and '^sup 1 S'^F-FDG may help to evaluate, in vivo, the metabolic heterogeneity of human gliomas. 
Anaplasia is a factor of increased uptake of both tracers, but microscopic necrosis in anaplastic areas influences 
their uptake differently. This finding probably relates to the differences in tracer uptake by non-neoplastic 
components of necrotic tumors. These results underline the complementary role of '^sup 18^F-FDG and '^sup 
1 1 '^C-MET for the study of brain tumors and favors their use for stereotactic PET guidance of diagnostic or 
therapeutic procedures. 

Key Words: glioma; PET; fluorine-18-fluorodeoxyglucose; methionine; stereotaxy 
J NucI Med 1997; 38:14591462 

Diflferent radiotracers have been used with PET to help in the management of patients with glioma (1,2). 
These tracers may be classified into three groups: the markers of energetic metaboHc pathways, the 
markers of protein and nucleic acid synthetic pathways and the radioligands for receptor imaging. Most 
investigators use tracers from the two first classes, e.g., ^sup 18'^F-2fluoro-2-deoxy-D-glucose (^sup 
18^F-FDG) which assays glucose metabolism, and '^sup 1 l^C-methionine (^sup 1 l^C-MET) or other 
amino acid tracers, which assay amino acid transport and metabolism (3-7). Tracer choice depends on 
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the goals pursued which may involve diagnosis, lesion delineation, grade and prognosis estimation and 
evaluation or prediction of response to treatment. For instance, it has been claimed that, for the 
definition of tumor limits, PET with ^sup ll^C-MET (MET-PET) is better than PET with ^sup 
18^F-FDG (FDG-PET) or other modalities such as CT and MRI (8,9). To compare the characteristics of 
different PET tracers, it is essential to ascertain that the brain regions investigated during different PET 
procedures are similar, a condition which may be fulfilled using matching (10) or preferably stereotactic 
methods (8, 1 1-13). Another important requisite for these comparative analyses is the definition, on the 
brain images, of regions of interest (ROIs) which adequately sample the tumor tissue. Since areas of high 
tracer uptake may be different with diverse tracers and since other imaging modalities, such as MRI, 
carmot ensure where the limits of the tumor are (9), histologic control of the regions concerned by the 
analysis seem to offer the best guarantee that this requirement is achieved. Furthermore, this histologic 
control allows confrontation of the multiple metabolic data with pathological features of the tumor. 
Therefore, we decided to apply a procedure of PET-guided stereotactic biopsies (II) to the comparison 
and histologic confrontation of PET information provided by two major tumor tracers used for the 
management of brain tumors: ^sup 18^F-FDG and "^sup IB'^C-MET. 

MATERIALS AND METHODS 

Patients 

A consecutive series of 19 patients suspected of having a brain tumor gave informed consent to undergo 
stereotactic biopsies guided by CT and by PET with successive injection of ^sup 1 l^C-MET and ^sup 
IS^F-FDG after a procedure which allows image data acquisition (stereotactic CT and PET), surgical 
planning and biopsies on the same day, as described in detail elsewhere (11). The analysis was conducted 
on 14 patients with a diagnosis of high-grade glioma (Table 1). Diagnosis in the patients not included in 
the analysis was low-grade astrocytoma (n = 1), metastasis from undifferentiated tumor (n = 2), gliosis 
from undetermined origin (n = 1) and vascular lesion (n = 1). 

In all patients, we obtained the PET scans (15 6.75-mm-thick adjacent slices, eight direct and seven 
crossed slices, covered the entire brain) in stereotactic conditions after a protocol previously described 
(1 1,14). The patients were fasted, conscious, in a supine resting state with eyes closed and ears 
unplugged. The in-plane spatial resolution (FWHM) was about 5 mm. During PET acquisition, the 
stereotactic head-ring was secured to the clamp, which fits both into the CT and into the PET couch. 
The fiducial reference system used for stereotactic PET consisted of V- shape tubing filled with an ^sup 
IS^F-fluoride solution adapted on four localization plates originally designed for stereotactic MRI. 
Before the emission scans, a transmission scan was obtained using a ring source filled with an ^sup 
18^F-fluoride solution and allowing a measured correction of the images for attenuation. The subjects 
were first injected intravenously with a bolus of 370-550 MBq (10-15 mCi) "^sup 1 l^C-MET prepared 
with an automated synthesis system after the procedure described by Comar et al. (15,16), and an image 
was acquired from 20-40 min postinjection. At least 80 min after the ^sup 1 l^C-MET injection, each 
patient was injected with a bolus of about 260 MBq (7 mCi) ^sup 18'^F-FDG prepared after the method 
of Hamacher et al. (17). The delay between both injections ensured negligible contamination of the 
PET-FDG images by residual ^sup 1 l^C radioactivity. Static PET-FDG images were acquired from 
40-60 min postinjection. 

To estimate the radioactive content at the level of each biopsy sample site, circular 0.3 cm^sup 1^ ROIs 
were centered on the coordinates of the actual biopsy recorded postoperatively and transferred on the 
stereotactic MET-PET and FDG-PET using a local implementation of the PET processing software. 

As previously described (IS), we evaluated radioactive content in noninvolved gray matter using ROIs 
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delineated in the frontal and temporal cortex of the hemisphere contralateral to the tumor. We calculated 
the mean counting rates in the ROIs distributed in the cortex. These mean counting rates were weighted 
for the number of pixels in each ROI and used to calculate tumor-to-cortex ratios. A total of 93 
cylindrical tumor biopsy specimens (diameter = 1 mm, length = 1 cm) were obtained from the serial 
stereotactic biopsies performed with a side-cutting cannula after the technique described by Kelly et al, 
(19). After formalin-fixation and embedding, serial sections were obtained and stained with hematoxylin 
and eosin, Masson's trichrome and some immunostains (glial fibrillary acidic protein, S-100 protein, 
neuron-specific enolase, vimentin and others) when necessary (20). Presence or absence of nonexclusive 
histologic features were recorded in all samples: infiltrating tumor cells in brain tissue surrounding a 
tumor, anaplasia, focal microscopic necrosis and extensive microscopic necrosis. 

Statistical analysis involved Spearman correlation coefficient, Kruskal-Wallis test and Mann- Whitney 
U-test without correction for multiple comparisons. 



In the total set of 93 tumor samples, tumor-to-cortex ratios calculated on MET-PET and FDG-PET 
were highly positively correlated (Fig. 1, Spearman rho = 0.77, p < 0.0001). 

The tumor samples were divided into three categories in fiinction of histologic characteristics: samples 
with typical anaplastic changes (n = 63), samples from nonanaplastic areas of the tumor (n = 19) and 
samples with only infiltrating tumor cells in brain tissue (n = 13). The three categories of samples had 
significantly different values of tumor-to-cortex ratios calculated on MET-PET (Kruskal-Wallis, p < 
0.0001). Similar differences between samples from the three categories were also found on FDG-PET 
(Table 2). In both MET-PET and FDG-PET, these differences were due to the higher values at the level 
of anaplastic samples compared to nonanaplastic samples and samples with infiltrating tumor cells. 
Levels of tracer uptake relative to the cortex were different for MET-PET and FDG-PET. The mean 
tumor-to-cortex ratio was higher than one in all three groups of tumor samples for MET-PET but only 
in the group of anaplastic samples for FDG-PET. Figure 2 illustrates the higher uptake of both tracers in 
the anaplastic area of the tumor in a patient with anaplastic astrocytoma. This case also illustrates the 
presence of elevated uptake of '^sup 1 l^C-MET in nonanaplastic areas of the tumor where '^sup 
1 8^F-FDG appears reduced relatively to the cortex. 



RESULTS 



TABLE FIGURE TABLE 2 
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Presence of focal or extensive necrosis at the level of anaplastic samples significantly reduced 



3 of? 



9/26/03 3:06 PM 



Article View 



http://proquest.umi.coin/pqdweb?index=0&s..,603 1 54&c!ientld= 1 9649&cc= I &TS= 1064603 1 54 



tumor-to-cortex ratios calculated on MET-PET (Kruskal-Wallis, p < 0.005). Such a significant effect of 
necrosis was not found on FDG-PET, even if lower values in the few samples with extensive necrosis 
were noticed (Table 3). When samples with focal and extensive necrosis were grouped in the statistical 
analysis, tumor-tocortex ratios were significantly lower at the level of samples with necrosis on 
MET-PET (Mann-Whitney U test, p < 0.005) but not on FDG-PET (Fig. 3). 

DISCUSSION 

This study shows a correlated increase in '^sup 1 l^C-MET and "^sup 18^F-FDG uptake in anaplastic 
areas of malignant human gliomas. The ratio method used for semiquantification of the images generates 
directly comparable results for the two tracers. Despite the normalization inherent to the method, it does 
not provide, however, common thresholds of uptake for the two tracers. Indeed, normal gray matter 
presents a high uptake of FDG while its uptake of methionine is relatively low. Simple relative 
quantification instead of absolute quantification is justified by previous results obtained in a different 
series of patients and which has showed that, for ^sup 18^F-FDG, the simple ratio method is as effective 
as local glucose metabolic rate calculation for the differentiation between anaplastic and nonanaplastic 
areas of brain tumors (21). Furthermore, some investigations on human brain tumors have refiited 
assumptions on the lumped constant which corrects for the difference in transport and phosphorylation 
rates between glucose and 18FFDG for quantification by autoradiographic and graphical methods (1,22). 
In addition, the actual local glucose concentration in the tumor capillaries, necessary for metabolic rate 
quantification and estimated fi-om the peripheral arterial plasma level, varies probably regionally in the 
tumor in function of the local glycolysis stimulation. Similarly, the biochemical mechanisms that govern 
the uptake of ^sup 1 1'^C-MET in brain tumors have not been clarified yet, and the methods proposed for 
the quantification of this uptake doubtfially provide metabolic rates of a single biochemical process 
(23,24). Our study, under histologic control, demonstrates that the uptakes of ^sup 1 l^C-MET and ^sup 
18^F-FDG are heterogeneous within the limits of a malignant glioma. The heterogeneity demonstrated in 
vivo by PET probably represents the metabolic counterpart of the well-known histologic heterogeneity 
of gliomas (25). Similar influence of anaplastic changes on the uptake of the two tracers probably 
explains the correlation found between the two uptake ratios in the whole series of tumor samples. 
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FIGURE 2. TABLE 3 FIGURE 3. 



The relationship between local glucose consumption and anaplasia, a major predictor of survival in glial 
tumors (2, probably originates in the abnormal induction of glycolysis in malignant proliferating cells, 
partly as a consequence of overexpression of glucose transporters (27,28). On the other hand, total 
dependence of ^sup 1 l^C-MET uptake on the proliferative activity of human gliomas seems 
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contradicted by the increased uptake demonstrated by PET in various low-grade gliomas (4-6,29). 
Nevertheless, non-CNS tumor models have revealed influence of proliferative activity on methionine 
uptake which might explain the higher uptake in anaplastic zones in our series of tumor (30,3 1). 
Furthermore, previous PET studies have revealed higher global ^sup 1 l^C-MET uptake in high-grade 
than in low-grade gliomas (4-6,29). 

Our analysis is based on a method of PET-guided stereotactic biopsy that we have initially developed 
and validated with ^sup 18^F-FDG (1 1,14). This study demonstrates that ^sup 1 l^C-MET offers a 
worthy alternative for the PET guidance of stereotactic diagnostic or therapeutic procedures towards the 
anaplastic components of the tumor. Compared to ^sup 18^F-FDG, "^sup 1 l^C-MET presents the 
advantage of a better detection of nonanaplastic tumor zones and of brain regions with infiltrating 
neoplastic cells. This advantage is valuable when a stereotactic procedure aims at a volumetric resection 
based on imaging information. Another advantage of ^sup 1 PC-MET compared to ^sup 1 l^F-FDG is 
the more reliable differentiation of tumor from gray matter. Nevertheless, ^sup IS'^F-FDG may remain 
the tracer of choice to image contrast-enhanced lesions on CT or MRI, since blood-brain barrier 
alteration has minimal influence on FDG-PET (1,32,33) but might interfere with IIC-MET uptake 
(23,24,34). 

We observe a reduction in "C-MET but not ^sup IS'^F-FDG uptake at the level of tumor areas with 
necrotic components. This observation parallels recent microautoradiographic results on animal 
non-CNS cancer models showing that uptake of ^sup 14^Clabeled methionine is proportional to the 
amount of viable tumor cells and is low in macrophages and other non-neoplastic cellular components 
(30). On the other hand, several microautoradiographic experiments have revealed high uptake of ^sup 
IS^FFDG in tumor-associated macrophages and prenecrotic neoplastic cells (30,35). We have 
previously attributed to the same phenomenon the better survival of patients with glioblastoma in whom 
a first cycle of chemotherapy induces a hypermetabolic reaction (18). This uptake of tracer in cellular 
components related to the necrotic process might explain our present results of maintained ^sup 
18^F-FDG uptake in anaplastic areas with necrosis. 

CONCLUSION 

This stereotactic PET study in human gliomas shows parallel anatomical heterogeneity of ^sup 

1 l^C-MET and '^sup 18^F-FDG uptakes and influence of anaplastic changes on the uptake of these 

tracers. Non-neoplastic cellular components are probably implicated in the different influence of necrotic 

changes in MET-PET and FDG-PET. These results emphasize the complementary role of ^sup 

1 l^F-FDG and ^sup 1 l^C-MET for the study of brain tumors. They support the use of either ^sup 

18^F-FDG or ^sup 1 l^C-MET for the stereotactic PET guidance of diagnostic and therapeutic 

procedures. 
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